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The contents and distributions of metal elements in the brain are closely related to neurodegenerative diseases. 
In this study, we examined Fe, Cu and Zn contents in the brain section associated with Parkinson‘s disease (PD) 
using synchrotron radiation X-ray fluorescence (SRXRF). PD mouse model induced by 1-methyl-4-phenyl- 
1,2,3,6-terahydropyridine (MPTP) was used for the elemental analysis (e.g., Fe, Cu and Zn) in the substantia 
nigra pars compacta (SNpc) region of mice brain tissue samples. We found that mice in the MPTP group 
had higher contents of Fe, Cu and Zn in the SNpc than the control group. After treating the PD mice with 
rapamycin, the contents of Fe, Cu and Zn were reduced, the dopamine neurons and motor function were rescued 
correspondingly. The results prompted that the SRXRF provided an ideal method for tracing and analyzing the 
metal elements in the brain section to assess the pathological changes of PD model and the therapeutic effect of 


drugs. 
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I. INTRODUCTION 


Parkinson’s disease (PD) is a progressive neurodegenera- 
tive disorder mainly characterized by the loss of dopaminer- 
gic neurons from the substantia nigra pars compacta (SNpc) 
and the presence of the Lewy bodies [1]. Oxidative stress 
is an important pathogenic factors in PD [2, 3]. Postmortem 
studies showed that oxidative stress induced neurons death 
and the level of related oxidative stress marker was higher 
in PD patients [4]. Endogenous metal elements are essen- 
tial requirement and subject to complex regulation in bio- 
logical systems. Excessive metal elements cause oxidative 
stress in vivo [4]. It was reported that Cu and Zn contents in 
cerebrospinal fluid of PD patients were higher than those of 
healthy persons [5, 6]. This indicates that the disturbance of 
metal homeostasis in biological environment may have high 
association with PD. Elemental mapping of metals is there- 
fore of primary importance to reveal their pathological roles 
in the disease development. 

Among the methods of elemental mapping in biological 
samples, X-ray fluorescence analysis (XRF) and laser ab- 
lation inductively coupled plasma mass spectrometry (LA- 
ICP/MS) are highly specific and sensitive methods for 
identification and distribution analysis of metals and non- 
metals in cell or tissue [7-11]. Matusch A et al. [12] used 
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the LA-ICP/MS for mapping Cu, Mn, Fe and Zn in brain- 
s of Parkinsonism mouse model and affirmed the role of Cu 
availability in PD. As a nondestructive multielemental ana- 
lytical technique [10, 13, 14], XRF can be used for imaging 
of trace elements in biological samples, with a spatial res- 
olution of sub-mm and limit of detection (LOD) of several 
mg/g. With advances of third generation synchrotron radia- 
tion (SR) sources, Synchrotron radiation X-ray fluorescence 
(SRXRF) is a nondestructive multi- elemental analysis tech- 
nique with higher spatial resolution (sub-um) and higher sen- 
sitivity (LODs of 50-100 ng/g for many elements) [14-16]. 
Using SRXRF, Wang et al. [17] studied distributions of met- 
al elements in the brain section of a transgenic mouse mod- 
el of Alzheimer’s disease(AD), and developed a method for 
mapping trace elements in sections of bio-tissues; Korbas et 
al. [18] observed organomercury uptake and accumulation in 
tissue and cells of zebrafish larvae; and Zhang et al. [19] p- 
resented a bioprobe based on dendrimer-folate-copper con- 
jugates, and found that the metal nanoclusters within den- 
drimer exhibited excellent tumor-targeting properties in hu- 
man mouth epidermal carcinoma KB cells. SRXRF elemental 
mapping was also used to study cytotoxicity of nano particles, 
such as TiO, and quantum dots [20, 21]. 


Abnormal brain contents and distributions of metal ele- 
ments are closely related to PD. SRXRF offers unique op- 
portunities to non-destructively visualize the distributions of 
metal elements and determine metal contents in brain tis- 
sue samples. In this study, contents and distributions of 
Fe, Cu and Zn in the SNpc of PD mouse brain were deter- 
mined using SRXRF. The PD mice model was induced by 
1-methyl-4-phenyl-1,2,3,6-terahydropyridine (MPTP) injec- 
tion. Rapymycin, a protector of neurons against MPTP [22], 
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was used to treat PD mice for 12 days. The elemental map- 
ping study is to explore pathological roles of metals in PD 
and therapeutic effect of drugs. 


Il. MATERIALS AND METHODS 
A. Ethics statement for the animal experiments 


This study was conducted in strict accordance with rec- 
ommendations of the Guidelines for Animal Care and Use, 
Shanghai Laboratory Animal Center, Chinese Academy of 
Sciences. The animal protocols were approved by Committee 
on Ethics of Animal Experiments of Shanghai University of 
Traditional Chinese Medicine. 


B. Animals 


Male C57BL/6J mice, weighing (24 + 2) g, were obtained 
from Shanghai Laboratory Animal Center, Chinese Acade- 
my of Sciences and housed in the animal center of Shanghai 
University of Traditional Chinese Medicine. The breeding 
room ((22 + 2) °C, 60%-80% humidity) was illuminated by 
an artificial light cycle of 12-h light and 12-h darkness every 
day, and disinfected regularly. 


C. MPTP and Rapamycin treatment 


The mice were randomly assigned to three groups: con- 
trol, MPTP (1-methyl-4-phenyl-1,2,3,6-terahydropyridine) 
and MPTP with rapamycin treatment (M + Rapa). The MPTP 
and M + Rapa groups received one intraperitoneal injection of 
MPTP-HCI per day (30 mg/kg free base; Sigma, USA) for 
five consecutive days [23]. The control group was inject- 
ed with physiological saline solution (0.9% NaCl). The M 
+ Rapa group received one intraperitoneal injection with ra- 
pamycin per day 30min before MPTP injection. The daily 
doses of rapamycin were 10 mg/kg/d in the first two days and 
5 mg/kg/d from Day 3 to Day 12. Rapamycin was dissolved 
in saline adding 4% ethanol, 1% tween-80 and 5% polyethy- 
lene glycol 400. 


D. Behavioral test 


On Day 11 after rapamycin injection, the rotarod instru- 
ment was used to test the exercise performance of mice in 
each group. The overall rod performance (ORP) method was 
used, as described by Rozas et al. [24]. Before testing, mice 
were trained on the machine at an accelerating speed. After 
testing was performed, time of mice staying on the rod was 
recorded at successive rotational speeds of 10, 15, 20, 25 and 
30 rpm, for a maximum of 300s at each speed. At the end, the 
ORP score for each mouse was calculated by the trapezoidal 
method [25]. 
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E. Immunohistochemistry 


After the 12-day rapamycin injection, the mice were per- 
fused transcardially with 4% paraformaldehyde in 0.1M 
phosphate buffer after anaesthesia. The removed substan- 
tia nigra was immersed overnight in 4% paraformaldehyde. 
For immunohistochemical staining, the paraffin sections cut 
at 5um thickness through the entire SNpc were dewaxed, 
and immersed in boiling solution (0.01M sodium citrate 
buffer) for 30 min for antigen retrieval. After antigen re- 
trieval, the sections were incubated with 3% H,O, (diluted 
in methanol) for 10min. Next, the sections were incubated 
with 6% bovine serum albumin (BSA) for 30min at room 
temperature, and then with rabbit tyrosine hydroxylase anti- 
body (TH, 1:500; Abcam) overnight at 4°C. The next day, 
the sections were incubated with biotinylated anti-rabbit Ig- 
G for 30 min at 37 °C, and then with horse radish peroxidase 
(HRP) for 10min. Then, the sections were incubated with 
3,3’-diaminobenzidine (DAB) for 3 min (Histostain-Plus [HC 
Kit, MiaoTong). Finally, the sections were dehydrated and 
covered, and imaged by a bright-field microscope. We select- 
ed five consecutive sections at the same anatomical position 
from one sample to count the TH-positive cells in the SNpc. 


F. Western Blotting 


Brain tissues of the rapamycin-injected mice were removed 
and the SNpc were dissected quickly on ice. The tissues were 
homogenized in protein lysis buffer, which was composed of 
150mM NaCl, 5mM EDTA, 50 mM Tris-HCl (pH 7.0), 1% 
Nonidet P-40, 1% sodium dodecyl sulfonate (SDS) and Mini 
mixture protease inhibitors (Roche Diagnostics). The protein 
concentration was measured using the bicinchoninic acid (B- 
CA) protein assay kit (Thermo Scientific). The protein were 
boiled with loading buffer at 95°C for 5min, subpackaged 
into eppendorf (EP) tube, and stored at —80 °C. In this study, 
4%-10% SDS-polyacrylamide gel was used to separate the 
protein samples. After blocking for 1 hin 5% nonfat milk (dry 
milk dissolved into 0.1 M phosphate buffer with 0.1% Tween- 
20, the diluent named PBST), the polyvinylidene fluoride 
(PVDF) membranes were incubated overnight at 4°C with 
a primary antibody (TH, rabbit, 1:1000, Millipore). The next 
day, PVDF membranes were washed using PBST for 30 min, 
and incubated with an HRP-conjugated anti-rabbit antibody 
(1:10 000, Sigma) at room temperature for 1h. After 30-min 
washing, enhanced chemiluminescent (ECL) kit (Millipore) 
was used to incubate with membranes for 30s, and charac- 
terized by Gel & Blot Imaging system (Syngene). The band 
intensities of the proteins were quantified using the Quantity 
One software (Bio-Rad). 


G. Transmission electron microscopy 


The mice were perfused transcardially with 4% 
paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate 
buffer. The removed substantia nigra was immersed in 2.5% 
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glutaraldehyde for 2h. The sections of 100 um thick were 
cut using a vibratome (Leica), and then fixed in 1% osmium 
tetroxide for 1h. The temperature was controlled at 4°C. 
The sections were dehydrated, and embedded in epoxy resin, 
then cut into 70nm thickness. Finally, the sections were 
stained with 5% uranyl acetate, and analyzed using TEM. 


H. SRXRF image and data analysis 


For SRXRF imaging, the brain tissues were removed and 
postfixed in 4% paraformaldehyde for 2h, and then immersed 
in 30% sucrose overnight at 4°C. The tissues were sectioned 
at 50 um using a vibratome (Leica), the sections were collect- 
ed through the entire substantia nigra. Samples were fixed on 
3 um thick Mylar films. 


Samples were analyzed on the hard X-ray microprobe 
beamline (BL15U1) at Shanghai Synchrotron Radiation Fa- 
cility (SSRF) [26]. Si(111) double crystal was used to 
monochromatize the X-rays to 10 keV, so as to excite the Ka 
fluorescence of Fe, Cu and Zn. The X-ray beam spot was 
adjusted to 100 um x 100 um by narrow slits. The samples 
were placed at 45° to the beam incidence. SRXRF spectra 
were collected with a 50 mm? silicon-drift detector (Vortex, 
USA) placed at 90° to the beam incidence. All samples were 
placed on a 7-axis platform with a high spatial resolution and 
monitored by a PC-connected microscope. The samples were 
raster-scanned in 100-um steps in the x and z directions. The 
dwell time was 1 second per pixel and about 2h for the whole 
section. 


Control 


Fig. 1. (Color online) Elemental mapping of Fe, Cu and Zn in brain 
slices of the mouse groups. The region in the red ellipse is the SNpc 
region. 
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PyMCA toolkit was used to fit the SRXRF spectra [27]. 
The Compton scattering in a spectrum was used as internal 
standard to compensate the differences in density and thick- 
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ness of thin tissue sections [28, 29]. Standard reference mate- 
rials of bovine liver (NIST 1577a) were sandwiched between 
two Mylar films, and trace elements in glass (NIST 612) were 
linearly scanned under the same experimental conditions as 
the brain sections. Fe, Cu and Zn contents in the samples 
were obtained through the normalization to Compton scatter- 
ing intensity and the ratios of Compton intensity against the 
known concentrations of each element in the standard refer- 
ence materials. Finally, plot2d.py software was used to obtain 
2D elemental maps with false color based on the elemental 
contents. As a python 2D graphic software for ASCII/MDA 
File, plot2d.py can extract both 2D array from ASCII text file 
and multiple 2D image arrays from MDA 2D/3D scan file. 
Selected SNpc regions of brain slices were used to calculate 
the average contents of metal elements. 


I. Statistical analysis 


The Graph Pad Prism software (v5.0) was used for all s- 
tatistics analysis. All data are presented as mean + stan- 
dard error. Differences among the experimental groups were 
performed using a Student ¢ test. In all analyses, statistical 
significance was considered at P < 0.05. 
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Fig. 2. (Color online) Rapamycin improved exercise performance 
and protected dopamine neurons in MPTP-treated mice-TH-positive 
neurons in the SNpc in a high magnification optical image (a), the 
counts of TH-positive neurons in the SNpc of each group (b, n = 4 
or 5), ORP scores of each group (c, n = 10), and TH immunoblot 
levels in the SNpc of mice in each group (d). **P < 0.01,*P < 
0.05 compared with the control group. #P < 0.05, ##P < 0.01 
compared with the MPTP group. 


030506-3 


202306.00270v1 


chinaXiv 


TIAN Tian et al. 


Control 


T” p rya 


ChinaX ivé ERAT! 


Nucl. Sci. Tech. 26, 030506 (2015) 


M+Rapa 


> 
gr 8 


Fig. 3. TEM images of mitochondrial ultrastructure. Mitochondria in the control group were normal. Mitochondria in the MPTP group were 
swollen. Mitochondria in the M + Rapa group turned to be normal (asterisk, mitochondria). 


Il. RESULTS 


SRXRF was used for elemental analysis of the brain sam- 
ples of each mouse. SNpc is the primary region associated 
with PD. Slices of half brain included SNpc were investigat- 
ed. Elemental distributions of Fe, Cu and Zn in the brain 
slices were obtained (Fig. 1). The Fe contents range from 5 
to 15 ug/g in most of the brain regions. However, significant 
accumulation of Fe, up to 26 ug/g, was found in the SNpc of 
PD mice, being significantly higher than the control group 
(16 ug/g). Cu was found to accumulate in the cerebral cortex, 
superior colliculus and SNpc of PD mice, and the Cu content 
in SNpc (21 ug/g) was obviously higher than that in the con- 
trol group (14 ug/g). Images of Zn exhibited notable accumu- 
lation in the cerebral cortex and hippocampus. The Zn con- 
tent in the SNpc of PD mice was about 60 ug/g, much higher 
than that (30 ug/g) in the control group. After treatment with 
rapamycin for 12 days, Fe, Cu and Zn contents in the SNpc of 
brain section were reduced to 20, 14 and 38 ug/g, respectively, 
suggesting that rapamycin could regulate the metal homeosta- 
sis in the SNpc region of PD mouse brain. 


The number of dopamine neurons and motor function of 
mice in each group were examined. In the MPTP group, 
the number of TH-positive cells and the expression of TH 
protein in the SNpc of mouse brain was about 50% lower 
than the control group, and the ORP scores which reflected 
motor function declined remarkably (P < 0.01, Fig. 2) Af- 
ter rapamycin treatment, the M + Rapa group showed obvi- 
ously higher ORP scores than the MPTP group (P < 0.01, 
Fig. 2(c)). The number of TH-positive cells in SNpc of the M 
+ Rapa group was more than that of MPTP group (P < 0.01, 
Fig. 2(a), 2(b)). Also, the expression of TH protein in the 
SNpc of the M + Rapa group is higher than that of MPTP 
group (P < 0.05, Fig. 2(d)). 

Transmission electron microscopy (TEM) was used to ver- 
ify the potential mechanism of rapamycin treated on PD 
mice (Fig. 3). The mitochondrion of the MPTP group ex- 
hibited a loss of matrix density, swelling and cristae disrup- 
tion. This is a characteristic of oxidative damages. After ra- 


pamycin treatment, the structure of mitochondrion was res- 
cued significantly. 


IV. DISCUSSION 


Transition metal elements like Fe, Cu and Zn are impor- 
tant in regulating neuronal activity. The changes in contents 
and distributions of metal elements are closely related to neu- 
rodegenerative disorder, such as AD and PD [30-32]. It was 
reported that Cu and Zn contents in cerebrospinal fluid of PD 
patients were higher than those of healthy people [5, 6]. Oth- 
er studies showed that chronic exposure to copper was associ- 
ated with PD [33-36]. SRXRF offered unique opportunities 
to non-destructively visualize the metal elements distribution- 
s in brain tissue or neuron cells [37-39]. We used SRXRF 
to examine the metal elements distributions in the SNpc of 
mouse brain section. The results show that Fe, Cu and Zn 
contents of the MPTP group are higher than those of the con- 
trol group. 

Among these metals, the redox-active Fe and Cu, are 
associated with the generation of reactive oxygen species 
(ROS). They can induce ROS generation from the Fenton 
reaction [34]. Meanwhile, imbalance of Cu can cause mi- 
tochondria dysfunction [40]. Unlike Fe and Cu, Zn is not 
a redox-active metal, but it can also induce oxidative stress 
[41, 42]. In cells, increased content of free Zn is highly cyto- 
toxic. In this study, we found the increased contents of Fe, Cu 
and Zn and the destroyed structures of mitochondria in MPTP 
treated mice. Also we found that the number of TH-positive 
cells, expression of TH protein and the ORP scores declined 
remarkably in MPTP treated mice. These imply that Fe, Cu 
and Zn involved in the oxidative damages of the neuron cells 
were induced by MPTP. 

Rapamycin, an inhibitor of m-TOR, was reported to have 
neuroprotective effect on dopamine neurons in MPTP- in- 
duced PD mice model. Most studies explained the protective 
effect of rapamycin by activating autophagy [43, 44], while 
few studies focused on metal elements homeostasis. Here, 
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we observed that rapamycin protected dopamine neurons a- 
gainst MPTP. This is similar to previous researches. Inter- 
estingly, we found that Fe, Cu and Zn contents in the SNpc 
area of mice brain slices were reduced after treatment with 
rapamycin. Correspondingly, the TH-positive cells and mito- 
chondria structures in the SNpc area of mice brain were re- 
stored, and the exercise performance was improved remark- 
ably after rapamycin treatment. The results indicate that the 
effect of rapamycin on MPTP-treated mice could be related 
with metal homeostasis regulation. 


V. CONCLUSION 


In summary, we obtained the distributions and contents of 
metal elements in the SNpc of the mice brain slice by using 
the SRXRF. We found that the contents of Fe, Cu and Zn in- 
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